Abstract. Histone deacetylase inhibitors have been found to have potent anticancer activities, partly induced by tumour cell apoptosis. The clearance of apoptotic tumour cells is an important mechanism of antitumour immune surveillance. The aim of this study was to assess the impact of 4-phenylbutyrate (4-PB) and its immunological effects on the macrophage clearance of apoptotic pancreatic ductal adenocarcinoma (PDAC) cells. To this end, a co-culture system of human macrophages from donors and PDAC patients, and PDAC cell lines (T3M4, PANC-1 and AsPC-1) was established to study the effect of 4-PB. Apoptosis and phagocytic activity were analysed using flow cytometry, and phagocytosis was confirmed by confocal microscopy. Further, p21 expression was quantified by immunoblot analysis. 4-PB treatment (0-10 mM) resulted in a dose-dependent induction of tumour cell apoptosis in two of the cell lines (T3M4 and PANC-1), but it also induced human macrophage apoptosis. The apoptotic effect of gemcitabine on PDAC cells was further enhanced by 4-PB. Moreover, 4-PB led to a dose-dependent overexpression of the cell cycle regulator p21 in tumour cells. In co-culture, apoptotic PDAC cells were phagocytosed by donor macrophages and phagocytosis was increased through tumour cell exposure to 4-PB and/or gemcitabine, whereas phagocytosis of PANC-1 cells was reduced using macrophages of PDAC patients treated with 4-PB. The 4-PB treatment induced human macrophage expression of the pro-angiogenic IL-8 and simultaneously inhibited inflammatory cytokine release through modulation of IL-10 and TNFα after phagocytosis of apoptotic PDAC cells. In conclusion, the 4-PB treatment activated tumour cell death in PDAC cells, resulting in tumour cell phagocytosis by macrophages. The latter were characterized by an anti-inflammatory and pro-angiogenic cytokine response demonstrating adverse, tumour-promoting effects of macrophages on tumour cells. Thus, the potential of 4-PB as an anticancer agent against PDAC cannot be reliably assessed without taking into account the complex tumour microenvironment.
Introduction
Currently, pancreatic ductal adenocarcinoma (PDAC) still has an extremely dismal prognosis. The best outcome is achieved through complete tumour resection and adjuvant chemotherapy with 5-fluorouracil (5-FU)-or gemcitabine-based regimens, with a median survival of about 23 months (1) (2) (3) . Moreover, only 15-20% of patients who present with PDAC are potential candidates for curative resection. Gemcitabine is also the mainstay of palliative chemotherapy. Palliative treatment of locally advanced or metastatic PDAC results in a median survival of 6-7 months (4), reflecting the poor chemotherapeutic response of PDAC and the need for improved chemotherapeutic combinations.
Two important processes control the epigenetic modification of the DNA and histones: DNA-methylation and post-translational histone modification (5) . An essential mechanism is the reversible acetylation and deacetylation of lysine residues of histones. These reactions are balanced and catalysed by histone acetyl transferases (HATs) and deacetylases (HDACs) (6) . Histone acetylation is a key regulator controlling gene expression, for example tumour suppression genes, and dysregulation of these counteracting enzymes is coupled to the development of different malignancies (7, 8) . Thus, HDAC deacetylase N-terminal lysine groups act as co-repressor complexes to inhibit the transcription and condensation of chromatin, thereby influencing cell differentiation and cell cycles. Eighteen human HDAC have been identified and subdivided into classes I to IV based on their homology to yeast HDACs, their subcellular localization, or their enzymatic activities (9) . Histone deacetylase inhibition leads to diverse antitumoural responses affecting cell differentiation, cell cycle arrest and apoptosis (9) . According to their chemical structure, HDAC inhibitors (HDACi) are divided into six classes and currently about 10 to 15 HDACi are being studied in clinical trials (10, 11) . Whereas mono-therapy with HDACi for haematological malignancies has yielded promising results, current concepts favour a combination treatment including HDACi for solid malignancies (10, 12) . Up until now, only vorinostat was approved by the FDA for the mono-therapy of cutaneous T-cell lymphoma, but many other HDACi are being tested in phase II trials for treating both haematological and solid malignancies (13) (14) (15) . 4-Phenylbutyrate (4-PB) was one of the first HDACi with a proven antitumour effect and was successfully used against acute promyelocytic leukaemia (16). Pharmacologic evaluation of 4-PB has underlined its tolerability, relative low toxicity, and high activity at micromolar serum concentrations (17) .
Impact of the histone deacetylase inhibitor 4-phenylbutyrate on the clearance of apoptotic pancreatic carcinoma cells by human macrophages
A high expression of class I HDACs has recently been demonstrated in PDAC. Moreover, the selective inhibition of class I HDAC through valproic acid-induced TRAIL-mediated apoptosis in PDAC in vitro was observed (11) . The treatment of PDAC cells in vitro by 4-PB consequently resulted in the induction of apoptosis, and the combination with gemcitabine had an overadditive effect on tumour cell apoptosis (18) . Tumour growth, however, is controlled by the tumour microenvironment, which consists of different cell types including endothelial, stellate and host immune cells, as well as tumourassociated macrophages (TAMs). The role of TAMs within the tumour microenvironment and tumour-promoting signals is controversial and has been discussed (19) , but no information is available about the activity of HDACi on the crosstalk between tumour cells and TAMs.
The present in vitro study was designed to assess the impact of 4-PB and its combination with gemcitabine on PDAC tumour cell apoptosis to analyse the phagocytosis of these apoptotic cells by macrophages from either human donors or PDAC patients, and to investigate the immunological response of macrophages towards these apoptotic cells.
Materials and methods
Preparation of mononuclear cells. Human blood samples were collected from healthy control people and from patients who underwent surgery for PDAC without neoadjuvant chemotherapy at the Department of General, Visceral and Trans plantation Surgery, University of Heidelberg, in order to obtain periphe ral blood mononuclear cells (PBMCs). Blood samples of PDAC patients (n=5) were collected during tumour surgery and analysed separately. All participants of the study signed an informed consent according to the Declaration of Helsinki. The PBMCs were separated using Histopaque ® -1077 (Sigma-Alrich, Deisenhofen, Germany) according to the manufacturer's instruction.
Macrophage maturation was achieved as previously described (20) . Briefly, after fluorescent labelling (see below) and seeding of the PBMCs at a concentration of 5x10 5 /96-well insert, the adherent monocytes were cultured for 6 days at 37˚C with 5% CO 2 in freshly prepared medium (DMEM and F-12 at a 1:1 ratio, both PAA Laboratories GmbH, Cölbe, Germany) supplemented with 1% antibiotics (penicillin/streptomycin) and without foetal bovine serum (FBS) during macrophage maturation (final concentration 5x10 4 /well). , EuroHealth, Mönsterås, Sweden) was diluted in phosphate-buffered saline (PBS) to a final concentration ranging from 0.5 to 10 mM, according to the indicated concentrations in each experiment. Gemcitabine (Synchem OHG, Felsberg, Altenburg, Germany) was applied at a final concentration of 0.01 and 0.05 mM in PBS. All cells were treated and cultivated under the same conditions (37˚C with 5% CO 2 in RPMI-1640) and were exposed to the drugs 24 h before the experiments.
The cell viability of macrophages and PDAC cells after exposure to 4-PB and/or gemcitabine was analysed using annexin V/ propidium iodide (PI)-staining (Annexin V-FITC Apoptosis Detection kit I, BD Biosciences, Heidelberg, Germany). This method allows a discrimination between early apoptotic (annexin V+/PI-) and late apoptotic as well as necrotic (annexin V + /PI + ) and viable (annexin V -/PI -) cells. The staining was performed according to the manufacturer's instructions. Briefly, the cells were suspended in a buffer solution (10 mM Hepes/ NaOH at pH 7.4, 140 mM NaCl, 2.5 mM CaCl 2 ) at the final concentration of 1x10 6 cells/ml. After the addition of Annexin V-FITC, the cells were incubated for 15 min at room temperature without light exposure. Flow cytometry was performed using the FACS LSR II system (BD Biosciences). A total of 10,000 ungated events were acquired for each sample and the data were analysed with BD FACS Diva ® with the CSD module (BD Biosciences). In order to determine late apoptotic cells, PI was added to the samples. Flow cytometry was performed immediately thereafter.
In vitro phagocytosis assay. For the phagocytosis analysis, PDAC cells were stained with a green fluorescent dye (CellTracker™ Green CMFDA, Invitrogen, Karlsruhe, Germany). The staining solution was prepared in accordance with the manufacturer's instructions. The carcinoma cells were then rinsed with PBS, supplemented with freshly prepared staining solution and incubated for 20 min at 37˚C with 5% CO 2 . After rinsing with PBS, the cells were put into a fresh culture medium. In contrast to the monocytes, the cells were stained shortly before starting the phagocytosis experiment. The monocytes were stained with a red fluorescent dye (CellTracker Orange CMRA, Invitrogen) before seeding and maturation over 6 days.
Apoptotic and labelled PDAC cells were then re-suspended in culture medium at a final concentration of 1x10 6 / ml; 100 µl of this suspension was then co-incubated with macrophages (5x10 4 , labelled with CellTracker Orange CMRA) for 2 h. The co-incubation was prepared at 37˚C with 5% CO 2 and stopped by gently re-suspending the cells. The resulting cell suspension contained macrophages and non-engulfed PDAC cells. Phagocytotic activity was determined by detecting the double fluorescence of the two dyes through flow cytometry. The supernatants of the original cell suspension were further used for cytokine expression experiments (see below). , there was a dose-dependeny increase in apoptotic cells (early apoptosis, P=0.02; late apoptosis, P=0.02; Kruskal-Wallis), and in PANC-1 (C and D) cells there was a significant increase in apoptosis from 5 to 10 mM 4-PB (P<0.01). Moreover, the combination of 4-PB and gemcitabine significantly enhanced apoptosis in these cell lines (P<0.01). In contrast, the combination treatment did not lead to higher apoptosis in AsPC-1 (E and F) cells. The data are presented as mean values resulting from three independent experiments.
Confocal laser scanning microscopy. Phagocytosis was additionally assessed by confocal laser scanning microscopy. To this end, the co-cultured cells were seeded onto poly-L-lysine covered glass cover slips and fixed with -20˚C methanol. Confocal imaging was performed on a TCS-SP laser-scanning microscope using x40 or x63 oil-immersion objectives (Leica Microsystems, Heidelberg, Germany). Phagocytosis was confirmed if complete engulfment of tumour cells by macrophages was observed in the x,y-and x,z-planes through the merged fluorescence.
Immunoblot. The cells were lysed in RIPA buffer. Protein samples (30 µg each) were heated to 99˚C for 3 min and separated in a 4-12% gel (NuPAGE, Invitrogen, Carlsbad, CA). After blotting on a nitrocellulose membrane (Bio-Rad), the membranes were blocked in 5% Slim Fast powder (Slim Fast, Allpharm Vertiebs-GmbH, Germany) diluted in TBS-buffer (Amresco, MoBiTec, Goettingen, Germany) at pH 7.5 with 0.05% Tween for 1 h at room temperature. The blots were then incubated with the primary antibody (rabbit anti-p21, 1:200, Abcam, Cambridge, UK; rabbit anti-GAPDH, 1:5.000, Cell Signaling) in blocking buffer overnight at 4˚C, rinsed for 1 h with washing buffer and incubated with horseradish peroxidase (HRP)-conjugated secondary antibodies for 1 h at room temperature. The blots were incubated in chemiluminescence solution (ECL; Amersham Biosciences, Freiburg, Germany) for 2 min and exposed to X-ray film. Before further primary antibody incubations, the membrane was exposed to stripping buffer (Thermo Scientific, Rockford, IL) for 45 min at 37˚C. Semiquantification of the immunoblot results was performed with the ImageJ software (National Institutes of Health, Bethesda, MD) based on triplicate experiments.
Cytokine analysis. Cytokine expression was measured in cell co-culture supernatants with a cytometric bead assay (BD Biosciences) by flow cytometry. The following cytokines were analysed: interleukin 8 (IL-8), IL-10 and tumour necrosis factor alpha (TNFα). The samples were prepared according to the manufacturer's instructions. Briefly, the three cytokinespecific capture beads were incubated with detection buffer and the supernatant samples for 3 h at room temperature. The samples were then washed, centrifuged and re-suspended in washing buffer for flow cytometry (FACS LSR II system, BD, Heidelberg, Germany). The data were analysed using FCAP Array software (v.1.0.1, Soft Flow Hungary Ltd., Hungary).
Statistical analysis. Quantitative variables are expressed as means or as means ± standard errors (SE) if not indicated otherwise. The Kruskal-Wallis test was used to analyse the correlation between apoptosis rates at different drug concentrations. Comparisons between the two groups were analysed by the Mann-Whitney U test (quantitative variables) or Student's t-test. Two-sided P-values were always computed and a difference was considered statistically significant at P≤0.05. Graphs were plotted with GraphPad Prism 5.0 (GraphPad Software, Inc., La Jolla, CA).
Results

Apoptosis of tumour cells after 4-PB treatment.
The investigation of apoptosis and cell death upon exposure to 4-PB and 4-PB with gemcitabine demonstrated marked differences between the three PDAC cell lines. Early apoptosis was detected by annexin V positivity, whereas late apoptosis and cell death were detected by annexin V and PI positivity. A dose-dependent significant increase in early and late apoptotic tumour cells was observed in the T3M4 cell line after treatment with 0.5 to 10 mM 4-PB (Fig. 1) . The most significant difference in apoptotic cells occurred from 5 to 10 mM 4-PB (23.0±1.0% versus 46.0±7.3%; P=0.04); likewise, 0.01 and 0.05 mM gemcitabine both led to an increase in apoptosis. Furthermore, the combination of 4-PB and gemcitabine resulted in a significant increase of late apoptosis (Fig. 1B, P<0 .01). In PANC-1 cells, 4-PB did not induce apoptosis in a clear dose-dependent manner; however, a strongly enhanced rate of apoptosis was noted at 10 mM 4-PB (7.5±2.0% at 5 mM 4-PB versus 22.1±3.2% at 10 mM 4-PB, P=0.02). In accordance with the T3M4 cells, the high concentration of 4-PB could significantly increase apoptosis in combination with gemcitabine in the PANC-1 cells ( Fig. 1C and D; P<0.01). In contrast, the AsPC-1 cell lines were not responsive to increasing doses of 4-PB regarding the induction of apoptosis (Fig. 1E) and only showed an insignificant increase in apoptosis after treatment with 4-PB and gemcitabine (Fig. 1F) . The rate of apoptotic AsPC-1 cells was less than 7% with 4-PB and less than 15% with 4-PB in combination with gemcitabine.
Apoptosis was also measured in mature human macrophages since the present study aimed to evaluate the effect of 4-PB not only on tumour cells, but also on the co-culture system of tumour cells and human mature macrophages. In vivo, both macrophages and tumour cells are exposed to drug concentrations if patients are treated with 4-PB. The rate of apoptotic macrophages increased in a dose-dependent manner following 4-PB treatment. At the final 4-PB concentration of 10 mM 4-PB, 22.4±3.6% of the macrophages were apoptotic (Fig. 2) .
Expression of p21.
It is currently unclear exactly how HDACi induce cell death pathways that lead to apoptosis, autophagy or necrosis (21, 22) . Protein p21 is frequently found to be upregulated during cell cycle arrest and it appears to be required for apoptosis in a cell-type dependent manner (23) . The elevation of p21 has been demonstrated in cancer cells after apoptotic stimuli and after HDACi treatment (24) (25) (26) . Therefore, we investigated the expression of p21 in PDAC cells after treatment with 4-PB.
Increasing doses of 4-PB from 0 to 5 mM over 24 h caused a significant upregulation of p21 expression in T3M4 and PANC-1 cells, whereas p21 expression peaked at 2.5 mM 4-PB when the drug treatment was prolonged over 72 h (Fig. 3A and B) . Overall, 4-PB treatment of AsPC-1 cells did not reveal a significant impact on p21 expression, although single experiments were in line with the findings in the other cell lines, i.e. a 4-PB-dependent increase in p21 expression (Fig. 3C and D) .
Phagocytosis of tumour cells by human macrophages.
First, the phagocytosis of PDAC cells by human macrophages after treatment with 4-PB and/or gemcitabine was demonstrated and visualized by confocal microscopy. During the phagocytotic process, the macrophages completely engulfed the PDAC cells, which was visualized in the x,y-and the x,z-plane for T3M4 (Fig. 4A-F) and AsPC-1 cells (G-L). The double fluorescence signal resulting from phagocytosis was quantified by flow cytometry in further experiments.
Phagocytosis of PDAC cells by macrophages was significantly induced by pharmacologic treatment of the tumour cells in the three cell lines T3M4, PANC-1 and AsPC-1; however, the macrophages engulfed these three different cell lines with different efficiencies (Fig. 5A-C) . In T3M4 and PANC-1 tumour cells, phagocytosis was significantly increased through treatment of the tumour cells with gemcitabine (0.05 mM), 4-PB (10 mM) and a combination of these two drugs, resulting in an increase in tumour cell apoptosis. However, the combination of gemcitabine and 4-PB did not lead to a significant enhancement of tumour cell phagocytosis compared to mono-therapy with gemcitabine, although the combination treatment increased tumour cell apoptosis. There was a tendency towards increased phagocytosis when the tumour cells had been treated with 0.05 mM gemcitabine and the macrophages with 3.5 mM 4-PB in T3M4 and PANC-1 cells. However, this was not significant (group 5). Interestingly, phagocytosis of PANC-1 cells (treated with 0.05 mM gemcitabine) was significantly reduced when macrophages from PDAC patients were used and treated with 3.5 mM 4-PB (Fig. 5B, compare groups 5 and 6) . Similar, but non-significant results with a decreased phagocytosis rate by PDAC patient macrophages were found in T3M4 cells (Fig. 5A) .
There was no such finding regarding an increased phagocytosis rate in PDAC patient macrophages or a reduction of phagocytosis if the patient macrophages were treated with 4-PB in AsPC-1 cells (Fig. 5C) . The phagocytosis index using AsPC-1 cells did not exceed 17%, on average.
Cytokine expression in macrophages after tumour cell phagocytosis. We further investigated the cytokine response of human macrophages to the phagocytosis of 4-PB-and control-treated T3M4 tumour cells. According to recent reports, phagocytosis of apoptotic tumour cells ignites an anti-inflammatory response, whereas necrotic cells trigger a pro-inflammatory response (27) . We observed an increased IL-8 and IL-10 response in donor and PDAC patient macrophages after 2 h of tumour cell (T3M4, 10 mM 4-PB) phagocytosis (Fig. 6A and B) . On the contrary, the expression of TNFα was significantly decreased after phagocy- tosis of 4-PB-treated tumour cells compared to the phagocytosis of untreated tumour cells (Fig. 6C) .
Discussion
Escape from apoptotic signalling pathways is an essential feature of the chemotherapeutic resistance of PDAC cells (28) . Apoptotic tumour cells elicit responses in neighbouring cells of the tumour microenvironment. Such cellular responses include migration, proliferation, and differentiation as well as the production of immunomodulatory mediators and engulfment of the apoptotic cells by macrophages (29, 30) . The present study was designed to test the HDACi 4-PB as an anticancer agent through activating apoptotic cell death in PDAC cells. This is relevant, because HDAC can inhibit the extrinsic TRAILinduced apoptosis in PDAC (11) . On the other hand, apoptotic tumour cell phagocytosis by tumour-associated macrophages (TAMs) is known to evoke tumour-promoting, anti-inflammatory cytokine secretion (29, 31) , and modern strategies focus on manipulating the immune response of phagocytes for developing anticancer therapies (27) . It is because of this complex interplay between tumour cells and their microenvironment that we investigated not only the cytotoxic effect on tumour cells, but also the influence on the adoptive tumour cell clearance by host macrophages.
First, 4-PB induced apoptosis in the PDAC cell lines T3M4 and PANC-1. Our results did not allow for an exact discrimination of late apoptosis and cell death by necrosis, but early apoptotic events constantly paralleled late apoptosis events, supporting the theory that apoptosis is the critical cell death pathway observed. The induction of apoptosis was not seen in the AsPC-1 cell line. We did not further investigate the reason for this apoptosis resistance, but it has been shown that AsPC-1 cells are insensitive to some apoptotic signals of the phosphatidylinositol 3'-kinase pathway as well (32) . In accordance with our results, Ammerpohl et al demonstrated the induction of apoptosis in T3M4 and PANC-1 cells by 4-PB and a synergistic, overadditive effect by treatment with 4-PB and gemcitabine (18) . Despite these interesting and promising data advocating the use of 4-PB as a supplemental therapeutic agent for the treatment of PDAC, the effects of 4-PB on the tumour microenvironment were not elucidated in previous studies. It is not clear whether non-malignant cells like primary human fibroblasts, stellate cells or peripheral blood monocytes are less sensitive to the drug or not. Our results demonstrate that human macrophages were highly sensitive to 4-PB treatment and that up to 20% of the cells were in apoptotic states.
4-Phenylbutyrate-induced apoptosis in PDAC cells was further characterized by expression analysis of p21. The cellcycle regulator p21 was found to be upregulated in the early stages of PDAC carcinogenesis (23) . Previous data suggest that p21 is an inhibitor of cell-cycle progression in some malignancies (33, 34) . The dose-dependent upregulation of p21 in tumour cells in the present study are in line with a decreased tumour growth rate after 4-PB treatment (18) . Likewise, overexpression of p21 was detected after treatment of bladder and prostate cancer with belinostat, another HDACi (35, 36 ). The present study shows an initial dose-dependent increase within the first 24 h followed by a delayed decrease of p21 upregulation after 24 h. One possible explanation is a sustained protein degradation in the extracellular space in the surroundings of accumulating apoptotic and necrotic cells.
In addition to previous studies that tested the effect of 4-PB on tumour cells (18) , the present study examined the impact on tumour cell phagocytosis as well as on the immune response of macrophages (TAM-model) to approximate the tumour microenvironment essential for tissue homeostasis and tumour control in vivo. Phagocytosis of PDAC cells was upregulated by chemotherapeutic treatment with 4-PB and gemcitabine. Macrophages isolated from PDAC patients showed a reduced rate of tumour cell phagocytosis when treated with 4-PB. This suggests that PDAC might also influence peripheral blood mononuclear cells and affect the TAM immune response.
Importantly, 4-PB treatment enhanced TAM secretion of the pro-angiogenic IL-8. It further attenuated inflammatory signals by stimulation of the anti-inflammatory IL-10 and inhibition of TNFα secretion. Interleukin 8 (also known as CXCL8) conveys angiogenic signals in PDAC, probably by the activation of endothelial proliferation (37) . High levels of the immunosuppressive cytokine IL-10 were found in PDAC, which helped the cancer cells to avoid immune recognition through the inhibition of immune cell activation (38) (39) (40) . Interleukin 10 can also induce spontaneous apoptosis, thereby triggering a vicious cycle (41) . In agreement, the suppression of TNFα further drives spontaneous apoptosis (41) .
Together, the present results show that 4-PB induced PDAC cell apoptosis and that it also triggered anti-inflammatory and pro-angiogenic signals from activated macrophages after tumour cell phagocytosis that might exert an oncogenic drive. Consequently, adverse effects of 4-PB on the tumour microenvironment and the adaptive immune system have to be considered when testing 4-PB as therapeutic drug against PDAC. Further studies will have to be undertaken to determine whether or not anti-inflammatory and pro-angiogenic signals through 4-PB have relevant tumour-promoting effects on PDAC that limit the clinical use of 4-PB.
